Summary. The toxic effects of sucrose and the conditions of in-straw glycerol removal after freezing and thawing were studied using Day-3 mouse embryos. At 20\ s=deg\ C, exposure to \ m=l e\ 1\ m=. \ 0 M-sucrose for periods up to 30 min had no adverse effects on freshly collected embryos. At 25 and 36\s=deg\C,however, \m=ge\1\m=.\0M-sucrose significantly reduced the developmental potential (P < 0\m=.\001).
Introduction
The occurrence of intracellular ice formation during freezing can be minimized by dehydration of cells (Mazur, 1970) . The early success in cryopreservation of mouse embryos depended on the use of cryoprotectants and on the partial dehydration of cells by slow freezing rates (Whittingham, Leibo & Mazur, 1972; Wilmut, 1972) . Cryoprotectant-permeated embryos can survive fast freezing rates when they are partly dehydrated by sucrose before freezing (Nguyen, Renard & Gamier, 1983; Renard, Bui-Xuan-Nguyen & Gamier, 1984; Takeda, Elsden & Seidel, 1984) . Further development of procedures to freeze embryos without the need for precisely controlled freezing rates and for tedious stepwise post-thaw dilution is of both practical and theoretical importance. These simple techniques would allow a much more widespread use of frozen embryos if they provided similar or higher survival rates.
Embryos frozen in methanol solutions can be transferred directly into physiological medium after thawing (Rail, Czlonkowska, Barton & Polge, 1984) . Our preliminary experience showed that methanol did not provide sufficient protection for embryos frozen rapidly in liquid nitrogen vapour. Direct transfer from DM SO solutions does not affect the viability of Day-4 mouse embryos (Rail, Wood & Kirby, 1984) , but severely impairs the developmental potential of Day-2 mouse embryos (Whittingham & Wales, 1969) and Day-7 cow embryos (Willadsen, Polge & The concepts of single-step sucrose dilution of cryoprotectant from embryos (Leibo & Mazur, 1978) and of freezing embryos in plastic straws (Tsunoda & Sugie, 1977; Massip et al., 1979) were utilized by Leibo, West & Perry (1982) and Renard, Heyman & Ozil (1982) (Leibo et al., 1982; Renard et al., 1982) . The straws were thawed in a waterbath without agitation until the ice melted. The embryos were left for 10 min to allow glycerol removal before being pipetted into PBS + 5% FCS for another 10-20 min and then were cultured for 2 days. Experiment 7 was a 3 3 factorial with 3 randomized blocks. A total of 540 embryos was frozen to study the effect of the glycerol concentration in the freezing medium (20, 30 or 4-0 m) and the sucrose concentration in the diluent (0-5, 1-0 or 1-5 m). In addition to glycerol, the freezing medium also contained 0-25 M-sucrose. The straws were thawed in a 36°C water bath. The freezing medium and the diluent were mixed after thawing and left at 20°C during glycerol removal.
Culture ofembryos
The embryos were cultured in Whitten's medium (Whitten, 1971) supplemented with 10 µ EDTA (Abramczuk, Solter & Koprowski, 1977) 
Results

Effects of sucrose on fresh embryos
The results of Exps 1, 2 and 3 are shown in Table 1 . In each experiment the effect of sucrose concentration was significant (P < 0-001). The regression of sucrose concentration on response involved significant ( <0001) linear (Exps 1, 2 and 3), quadratic (Exps 1 and 2) and cubic elements (Exps 1, 2 and 3). At 36°C the viability of embryos was depressed to 87% by 0-5 m sucrose (control 94%, <005) and further reduced to 4 and 1% by 1-0 and 1-5 M-sucrose respectively (P <0-001). At all concentrations the increase in exposure period caused some decrease in the developmental potential; overall this effect was significant (P <005).
Removal ofglycerolfromfrozen-thawed embryos
On average 90-95% of embryos frozen were recovered after thawing. Effects of thawing rate, temperature during glycerol removal and concentration of sucrose. In Exps 4 and 5, in which the freezing medium and the sucrose diluent were mixed immediately before freezing, the viability of frozen-thawed embryos was better when the glycerol concentration in the freezing medium was 30m than when it was 2-0M (Exps 5 and 4, 16% and 003% respectively, <0·001). In Exp. 4 no more than 1 frozen-thawed embryo developed from any treatment group. In Exp. 5 the thawing temperature did not affect the survival rate (20°C, 15%; 36°C, 17-2%) and did not interact with other factors (F < 1). The mean development rates over replicates and thawing temperatures are shown in Table 2 . The effects of temperature during glycerol removal and sucrose concentration in the diluent were highly significant (P < 0001). The viability was markedly Effects of time of mixing and sucrose concentration in the diluent. In Exp. 6 the time of mixing and the sucrose concentration of the diluent significantly (P <0001 and < 0-005 respectively) affected the developmental potential of frozen-thawed embryos (Table 3) . Mixing the diluent and freezing medium after thawing resulted in substantially higher viability (65%, 117/180) than did mixing before freezing (37%, 67/180). There was an interaction between the two factors (P <005). The effect of sucrose concentration was significant when the mixing was done before freezing (P <0001), but not when it was done after thawing (P >0T). Means within the same row with different superscripts differ significantly (P < 001).
Effect ofglycerol concentration in thefreezing medium and sucrose concentration in the diluent. In Exp. 7, in which the freezing medium and the sucrose diluent were mixed after thawing, the con¬ centration of glycerol in the freezing medium had a significant (P <0001) effect on the viability of embryos (Table 4) . At glycerol concentrations of 20, 30 and 40 m, respectively, 26, 73 and 60% of the frozen-thawed embryos developed in culture. There was an interaction between the glycerol concentration of the freezing medium and the sucrose concentration of the diluent (P < 0-025). The effect of sucrose concentration was significant ( <0025) for embryos frozen in 2-0 M-glycerol, but not for those frozen in 30 or 40 M-glycerol. (1981) .
In the present embryo freezing procedure sucrose has two roles. When included in the freezing medium, sucrose causes the embryos to shrink by losing water, so that intracellular ice formation is reduced (Mazur, 1970) and the embryos can be frozen rapidly and without seeding (Nguyen et ai, 1984; Renard et al., 1984; Takeda et al., 1984) . The work of these authors indicated that the optimum concentration of sucrose in the freezing medium is around 0-25-0-5 m.
The mechanistic basis of sucrose dilution is described by Leibo (1984) and Schneider & Mazur (1984) . The sucrose solution controls the degree of swelling during cryoprotectant removal by counteracting the initially high intracellular osmolarity of the cryoprotectant-permeated cells. As the cryoprotectant leaves the cells, to maintain osmotic equilibrium, the embryos will lose water and shrink. In physiological medium the cells regain their original volume. A wide range of conditions has been used for removal of cryoprotectant by sucrose dilution from frozen-thawed embryos. The molarity of sucrose solutions has varied from 0-25 to 20 m. The rate of dilution from about 5-to 20-fold and the temperature from 20 to 37°C (Leibo, 1983 (Leibo, , 1984 Merry, Allen, Krag & Wright, 1983; Chupín, Florin & Procureur, 1984; Takeda et ai, 1984) . Leibo (1984) found that under field conditions the pregnancy rate decreased sharply when the ambient temperature during sucrose dilution exceeded 25°C, and suggested that the embryos may be sensitive to high concentrations of sucrose at elevated temperatures. The present results for freshly collected embryos showed that the higher the temperature, the more sensitive the embryos were to sucrose. These findings were con¬ firmed in experiments with frozen-thawed embryos; the increased temperature had adverse effects on embryos diluted with the two higher concentrations of sucrose.
The chances of survival were improved by removing the glycerol at 20°C and mixing the freez¬ ing medium with the diluent after thawing rather than just before freezing. The effect of time of mixing can be explained by the changes in the glycerol concentration. After mixing there was an 11 -fold decrease in the extracellular concentration; however, the reduction in the intracellular glycerol content must have been much smaller. The reason for this assumption is that only about 1 sec elapsed between mixing and placing the straw in liquid nitrogen vapour, after which glycerol permeability of the embryos decreased sharply because of its dependence on the temperature (Schneider & Mazur, 1984) . The suggestion that the effect of time of mixing is mainly due to changes in extracellular concentration of glycerol is in accord with the conclusion of Mazur (1977) that the external cell surface is especially vulnerable to electrolyte damage and must be protected during freezing.
The results of Exps 4, 5 and 7 show that a higher concentration of glycerol is necessary to protect the embryos during rapid freezing in liquid nitrogen vapour than is necessary for freezing at a controlled rate (Leibo & Mazur, 1974 ). Under the conditions tested here, the optimum con¬ centration of sucrose for cryoprotectant removal did not increase at higher concentrations of glycerol.
The effect of sucrose concentration in the range 0-5-1-5 m was significant only when the embryos were mixed with the diluent before freezing or the freezing medium contained 20m-glycerol. In the former case the sucrose concentration in the diluent largely affected the com¬ position of the medium surrounding the embryos during freezing and thawing. This is more likely to account for the effect of sucrose concentration than the osmotic behaviour of embryos during glycerol removal, because there was no significant effect on embryos frozen in 30 or 40 M-glycerol and mixed after thawing. When the freezing medium contained 2-0 M-glycerol the effect of sucrose concentration in the diluent was caused probably by the fact that these solutions left a coating on the wall of the straw during loading which increased the sucrose concentration of the freezing medium. These alterations did not affect the viability of embryos frozen in higher concentrations of glycerol.
Some of the present experiments are directly comparable with those of Takeda et al. (1984) . The survival rate reported here is lower, especially when the freezing medium contained 20 M-glycerol, or the embryos were exposed to 20 M-sucrose. This cannot be completely explained by differences in the method of freezing, culture medium and definition of survival rate. Takeda et al. (1984) did not specify whether survival rate was calculated in relation to the number of embryos frozen, recovered after thawing, or intact after thawing. In the present experiments the embryos were frozen in liquid nitrogen vapour because many straws cracked after direct transfer into liquid nitrogen.
In summary, under the conditions tested, the rapidly frozen embryos survive just as well when thawed in a 20 or 36°C water bath; however, when the latter is used the straw should be placed in a 20°C environment during the sucrose dilution. Optimal results were obtained when the freezing medium contained 30M-glycerol + 0-25M-sucrose and was mixed with the sucrose diluent after thawing. Under these conditions the sucrose concentration of the diluent did not affect the results significantly within the range of 0-5 to 1 -5 M.
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